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Abstract 
This paper describes a derivation of the dynamic impedance of a dye-sensitized solar cell (DSSC) and its 
characterization using a frequency response analyzer (FRA). The dynamic impedance equation as a function of 
voltage and frequency is presented. Testing is done on a DSSC, fabricated from a fluorine-doped SnO2 (FTO) 
conducting glass, ruthenium (II) dye (N719) sensitized TiO2 nanoparticles, an iodide-triiodide electrolyte, and a Pt 
counter electrode. At each bias voltage, impedance locus is plotted in a complex plane. Intercepts of each 
semicircular impedance loci yield series, dynamic, and shunt resistance of the cell. Experimental results could be 
used to analyze characteristics of AC equivalent circuit components. 
 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Research 
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1. Introduction 
Dye-sensitized solar cells (DSSCs) have received much interest as possible future low cost solar cells 
as DSSCs use inexpensive materials and simple processes. To improve cell performance for wide-scale 
applications, understanding of parameter behaviors through equivalent circuit modeling are important, 
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especially dynamic behavior. DSSC dynamic parameters can be determined by using impedance 
spectroscopy through a variety of characterization methods. In previous works [1-4], impedance 
characteristics of c-Si and a-Si solar cells have been presented and analyzed. In this paper, we derive the 
dynamic impedance of a DSSC under dark using a FRA. Voltage and frequency dependences of DSSC 
dynamic parameters are shown. 
In general, a DSSC is composed of a transparent conducting oxide (TCO) glass covered with metal 
oxide (i.e.TiO2), dye molecules attached to the surface of metal oxide, a redox couple electrolyte, and a 
catalyst (i.e., platinum) coated on transparent conducting glass as a counter electrode. Under illumination 
the AC or dynamic equivalent circuit of a DSSC when connecting to a load can be represented as Fig. 
1(a) [5-6]. Resistance 1 (R1) and capacitance 1 (C1) are elements of impedance 1 (Z1) due to redox 
reaction at the platinum counter electrode. Z2 represents as a diode, taking into account  electron transfer 
at the TiO2/dye/electrolyte interfaces. R3 and C3 are elements of Z3 relating to carrier transport of ions 
within the electrolyte. Shunt resistance (Rsh) accounts for back electron transfer across the 
TiO2/dye/electrolyte junctions. Sheet resistance (Rs) accounts for the transport resistance of TCO 
substrate. 
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Fig. 1. AC equivalent circuit model of a DSSC; (a) connecting to a load (ZL) under illumination, and (b) when consider Z2 as two 
parameters under dark condition. 
2. Experiment 
The DSSC under test is fabricated from a fluorine-doped SnO2 (FTO) conducting glass, ruthenium (II) 
dye (N719) sensitized TiO2 nanoparticles, an iodide-triiodide electrolyte, and a Pt counter electrode. It has 
an area of 0.6 cm2. Under 1 sun, air mass 1.5 illumination and standard test conditions, the DSSC shows a 
short circuit current density (JSC) of 0.72 mA/cm2 and an open circuit voltage (VOC) of 0.49 V.  
The DSSC is investigated under dark conditions, at room temperature, using a FRA (impedance gain - 
phase analyzer, Solartron 1260) under both forward and reverse biases of 0.2, 0.3, and 0.4 V. The 
amplitude of a small AC signal superimposing on the DC bias is about 10% of the bias level. The AC 
signal is in the frequency range of 0.01 Hz to 200 kHz. Frequency response measurement results are 
plotted as impedance loci in the complex plan, and separate magnitude and argument plots. 
3. Results and Discussion 
In this study, we consider Z2 (Fig. 1(a)) as two parameters in parallel (Fig. 1(b)), i.e. diode resistance 
(R2) and diode capacitance (C2). Under dark condition, looking at an output port, we can model the 
photovoltaic impedance (ZPV) as consisting of a resistive and a reactive component in series in the form of 
RPV + jXPV. At each bias voltage (V) and signal frequency (ω), the impedance can be expressed as 
equation (1). 
(b) 
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For simplification, we drop V and ω, and lump Rsh and R2 (Rsh//R2) into parallel resistance (RP). The 
simplified dynamic impedance equation can be rewritten as equation (2).    
It should be noted that C2 are voltage and frequency dependent, and R2 is voltage dependent [1-2]. 
Dynamic impedances under both forward and reverse biases at 0.2, 0.3, and 0.4 V are determined by 
FRA under dark conditions. Impedance loci are plotted in a complex plane as shown in Fig. 2. It is found 
that, the impedance loci are semicircles and conform to equation (2). At high and low frequencies for 
(1) 
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Fig. 2. Impedance loci of the DSSC; (a) under forward biases, and (b) under reverse biases. 
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each bias voltage, reactive component (XPV) approaches to zero. Resistive component (RPV) is 
approximately equal to RS at high frequencies (mega Hz region), while it is equal to RS+R1+RP+R3 at low 
frequencies (milli Hz region). In general, at each bias voltage, 3 semicircles should be obtained from 
impedance locus. However, results of our test cell show that R1 and R3 are relatively low. So only one 
semicircle, Fig. 2(a), is observed. On the other hand, if we examine closely, using expanded scales, we 
can distinguish other resistances. The diameter of each semicircle is equal to R1, RP and R3, as the 
resistive component of Z1, Z2, and Z3, respectively. The DSSC resistances from  experimental results at 
any bias voltage are shown in Table 1. 
Table 1. The DSSC resistances under both forward and reverse bias at 0.2, 0.3, and 0.4 V  
Biasing voltage (V) RS (Ω) R1 (Ω) Rp (Ω) R3 (Ω) 
Forward bias 
0.2 
 
4.53 
 
1.02 
 
591.36 
 
7.09 
0.3 4.53 1.02 109.25 6.78 
0.4 4.53 1.01 35.49 7.02  
Reverse bias 
0.2 
 
4.52 
 
1.01 
 
7533.08 
 
0 
0.3 4.52 1.02 3594.48 0  
0.4 4.52 1.03 1607.18 0  
 
In Table 1, at each bias voltage, the sum of RS, R1, and R3 is equal to series resistance of a cell. Under 
different applied voltage levels, one sees an apparent change in only RP, and is similar to that reported by 
Han et al. [6].  
 Fig. 3. Magnitude and argument of impedance plots as function of frequency; (a) magnitude plot under forward biases,  
 (b) magnitude plot under reverse biases, (c) argument plot under forward biases, and (d) argument plot under reverse biases. 
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For this study, RP is equal to (RshR2/(Rsh+R2)). Under forward bias, assuming that Rsh is much greater 
than R2 (Rsh»R2), so RP is approximately equal to R2. In Fig. 2, we note that R2 is voltage dependent, and 
decreases with increasing voltage. It is clearly observed that R2 in the equivalent circuit of a DSSC 
exhibits similar behaviour with dynamic resistance Rd   of p-n junction solar cells [3-4].  
Under low reverse biases, R2 is very large compared with Rsh (R2»Rsh), so RP is approximately equal to 
Rsh. For our cell, Rsh is 7.5 kΩ , approximated at a reverse bias voltage of 0.2 V.  
From impedance loci, we can plot magnitude and argument of impedance as shown in                   
Fig.3.  We clearly see the voltage and frequency dependent nature of the impedance. 
4. Conclusion 
In this paper, dynamic impedance of a DSSC is derived from the AC equivalent circuit and 
experimental results. Impedance measurements are done by using a FRA under dark condition. The 
nature of voltage and frequency dependent impedance of the DSSC is also illustrated. The dynamic 
impedance of the DSSC can yield information and explain the parameter behaviors. The simple method 
described in this paper can be used to investigate series, dynamic, and shunt resistance of DSSC. 
Moreover, the dynamic impedances developed in this work can be further applied for the comparison of 
the DSSC performance.   
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